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Abstract 

New  polymer  electrolyte  composite  membranes  were  prepared  by  using  chitosan  as  the  matrices  and  incorporating  potassium  hydroxide  for 
ionic  functionality.  These  membranes  had  a  three-layer  structure,  which  consisted  of  a  porous  intermediate  layer  and  two  crosslinked  solid  surface 
layers.  Their  ionic-conductive  properties  were  investigated  using  impedance  spectroscopy.  Some  composite  membranes  showed  a  conductivity 
near  10~2  S  cm~!  after  hydration  for  1  h  at  room  temperature.  Several  composite  membranes  were  preliminarily  integrated  into  fuel  cells  for  the 
assessment  of  their  electrochemical  performance  using  hydrogen  as  fuel,  air  as  oxidant  and  platinum  as  the  electrode  catalysts.  A  membrane 
electrode  assembly  was  fabricated  by  directly  pressing  two  gas-diffusion  electrodes  onto  the  two  opposite  surfaces  of  the  composite  membrane. 
All  fuel  cells  showed  an  open-circuit  potential  around  1 .0  V,  and  under  appropriate  running  conditions,  a  current  density  of  about  30  mA  cm~2  was 
achieved.  Some  possible  improvements  on  the  performance  of  the  resultant  fuel  cells  are  also  suggested. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Polymer  electrolyte  membrane  fuel  cells  have  received  atten¬ 
tion  for  years  because  of  their  potential  applications  for  portable 
power  [1],  and  use  in  vehicles  [2].  Up  to  now,  these  fuel  cells 
are  mainly  run  based  on  proton-conducting  polymer  membranes. 
Of  the  known  proton-type  membranes,  the  most  widespread  is 
a  perfluorinated  membrane,  commercially  known  as  Nation  [3], 
which  is  a  kind  of  ionomer  in  which  the  ionic  sites  are  grafted 
onto  the  skeleton  of  the  polymer  chain.  Despite  great  successes 
with  Nafion  membranes,  the  cost  of  Nafion  has  limited  the  devel¬ 
opment  of  the  corresponding  fuel  cells.  In  addition,  it  has  also 
been  found  that  the  fuel  cells,  which  employ  Nafion  membranes, 
are  limited  to  the  range  of  the  temperature  within  which  the 
membranes  can  be  reliably  used  [4].  Moreover,  when  Nafion 
membranes  are  applied  to  direct  methanol  fuel  cells  (DMFCs), 
which  is  now  increasingly  believed  to  be  the  first  fuel  cell  com¬ 
mercially  likely  to  power  portable  devices  [5],  several  major 
obstacles  appear,  such  as  a  very  wet  environment  and  slow  anode 
kinetics  as  well  as  parasitic  methanol  crossover  [6-9].  Many 
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efforts,  therefore,  are  being  directed  towards  developing  new 
polymer  electrolyte  membranes  [10].  Besides  a  great  number  of 
proton-type  membranes,  alkaline  anion-exchange  membranes 
have  also  aroused  new  interest  since  several  potential  advan¬ 
tages  could  be  obtained  if  alkaline  membranes  were  employed 
for  DMFCs:  (1)  facile  kinetics  at  both  the  cathode  and  anode 
[  1 1];  (2)  more  effective  oxidation  of  methanol  in  alkaline  media 
[12,13];  (3)  reduced  level  of  methanol  crossover  from  anode  to 
cathode;  (4)  possibly  cheaper  non-noble  metal  catalysts  (such  as 
nickel  and  silver  [14]);  (5)  more  easily  machined  metal  bipolar 
plates  and  minimal  electrode  weeping  and  component  corrosion 
[15,16]. 

Besides  pure  polymer  electrolyte  membranes,  ion-solvating 
polymer  composite  membranes  are  also  quite  commonly  used 
in  low-temperature  (working  temperature  is  lower  than  100  °C) 
fuel  cells.  These  composite  membranes  can  be  classified  into 
acidic  and  alkaline  membranes  depending  on  whether  the  ionic 
functionality  is  protonic  or  hydroxylic.  Alkaline  ion-solvating 
polymer  composite  membranes  are  especially  attractive  because 
the  fuel  cells  based  on  these  types  of  membranes  have  poten¬ 
tially  a  much  lower  cost  [17].  To  date,  several  alkaline  fuel  cells 
using  different  ion-solvating  polymer  composite  membranes 
have  been  developed  [18-20].  One  of  relatively  successful 
membranes  is  the  polyfethylene  oxide)(PEO)-based  membrane 
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incorporated  KOH,  which  shows  a  well-defined  characteristic 
of  voltage  versus  current  density  in  alkaline  fuel  cells  [21]. 
However,  due  to  the  high  crystallinity  of  the  PEO  membrane, 
some  drawbacks  for  this  kind  of  membrane  still  remain  [22,23]. 

Chitosan,  a  principal  derivative  of  chitin,  is  a  natural,  low- 
cost  biopolymer  and  also  is  a  weak  alkaline  polymer  electrolyte 

[24] .  A  chitosan  membrane  can  retain  its  chemical  and  thermal 
stability  up  to  200  °C  with  an  acceptable  mechanical  strength 

[25] .  Furthermore,  the  presence  of  hydroxyl  and  amino  groups 
on  the  backbone  of  chitosan  also  affords  the  chitosan  membrane 
a  higher  level  of  hydrophilicity,  which  is  crucial  for  the  opera¬ 
tion  of  polymer  electrolyte  membrane  fuel  cells  [26].  Although 
chitosan  is  also  a  semi-crystalline  polymer,  the  crystallinity 
of  chitosan  membranes  can  be  greatly  decreased  using  some 
crosslinking  [27].  In  its  natural  state  (dry  state),  a  chitosan 
membrane  is  almost  non-conductive.  However,  when  an  appro¬ 
priately  crosslinked  chitosan  membrane  is  fully  hydrated,  it  can 
have  a  conductivity  close  to  10“ 3  S  cm-1  [28].  But  this  value  is 
still  not  high  enough  for  practical  fuel  cells.  Therefore,  from  the 
characteristics  of  chitosan  mentioned  above,  chitosan  seems  to 
be  a  suitable  candidate  to  serve  as  a  matrix  for  ion-solvating 
alkaline  polymer  composite  membranes.  Therefore,  we  have 
fabricated  some  alkaline  chitosan-based  composite  membranes 
by  incorporating  KOH  for  ionic  functionality  [29]  and  have 
explored  their  use  in  alkaline  fuel  cells.  In  order  to  hold  the 
KOH  permanently  inside  the  composite  membrane,  a  special 
three-layer  membrane  structure  was  designed,  which  consisted 
of  a  porous  intermediate  layer  and  two  crosslinked  solid  surface 
layers.  In  the  present  study,  these  composite  membranes  were 
integrated  into  fuel  cells  for  a  preliminary  evaluation  of  their 
performance. 

2.  Experimental 

2.1.  Materials  and  reagents 

Chitosan  and  the  following  chemicals  were  all  obtained  from 
Aldrich  and  used  as  received:  acetic  acid,  sodium  acetate,  N- 
acetyl-D-glucosamine,  potassium  hydroxide  pellets,  glutaralde- 
hyde  (GA,  25%  by  weight  in  water),  potassium  hydroxide  vol¬ 
umetric  standard  (0. 1  M  solution  in  water),  hydrochloric  acid 
volumetric  standard  (0.1  M  solution  in  water).  Gas-diffusion 
electrodes  (1  mg  cm-2  Pt  dispersed  into  Vulcan  XC-72  carbon 
black  being  20  wt.%  of  the  electrode)  were  purchased  from  Elec- 
troChem  Inc.  (USA).  The  bipolar  plates  and  cell  fixtures  were 
provided  by  DuPont  Canada. 

2.2.  Degree  of  deacetylation  and  molecular  weight  of 
chitosan 

The  first  derivative  UV  (ultraviolet)  spectra  of  chitosan  were 
collected  using  a  CARY  5E  UV-VIS-NIR  spectrometer  and 
they  were  utilized  for  calculating  the  degree  of  deacetylation 
(DDA)  of  chitosan  [30].  A  calibration  curve  from  /V-acetyl-D- 
glucosamine  was  generated  according  to  Tan  et  al.’s  method 
[31].  The  viscosity-average  molecular  weight  of  chitosan  was 
measured  using  0.25  M  CH3COOH/O.25  M  C^COONa  as  the 


solvent  system  with  our  previously  reported  method  [32].  The 
DDA  value  and  viscosity-average  molecular  weight  of  chi¬ 
tosan  were  determined  as  72.5  (±2.2)%  and  2.1  (±0.11)x  106, 
respectively. 

2.3.  Preparation  of  composite  membrane 

The  preparation  of  composite  membranes  involved  a  two- 
step  process.  In  the  first  step,  powdered  chitosan  was  dissolved 
in  a  1 .0%  (by  volume)  aqueous  acetic  acid  solution  to  produce 
a  1.0%  (by  weight)  chitosan  solution.  To  this  solution,  a  known 
quantity  of  GA  was  added  with  vigorous  stirring  for  3  h  at  ambi¬ 
ent  temperature.  The  mixture  was  then  cast  into  a  membrane  on 
a  specially  constructed  Plexiglas  dish  designed  for  fitting  into 
the  fuel  cell  test  assembly.  The  dish  was  placed  in  a  chamber  and 
the  solvent  was  allowed  to  slowly  evaporate  while  the  membrane 
was  slightly  crosslinked  at  25  °C  for  48  h  so  that  the  membrane 
thus  obtained  was  of  a  gelatinous  nature  at  the  end  of  this  pro¬ 
cess.  The  dish  was  subsequently  immersed  into  a  pool  containing 
a  freshly  prepared  KOH  aqueous  solution  with  a  known  con¬ 
centration  for  24  h  to  incorporate  potassium  hydroxide  into  the 
membrane.  The  soft  membrane  in  the  dish  was  then  dried  in  air 
for  a  given  period  of  time,  at  which  point  the  solid-like  membrane 
was  carefully  peeled  off  the  dish.  The  so  produced  membrane 
was  placed  in  a  hermetically  sealed  chamber  to  maintain  its 
moisture  content.  This  membrane  became  an  intermediate  layer 
in  the  further  preparation  of  the  composite  membrane. 

In  the  second  step,  a  1 .0%  (by  weight)  chitosan  solution  was 
prepared  in  the  same  way  as  in  the  first  step,  and  allowed  to  be 
crosslinked  in  a  flask  at  25  °C  for  48  h.  This  solution  was  then 
cast  into  a  thin  layer  on  a  Plexiglas  dish  and  then  the  membrane 
obtained  in  the  first  step  was  overlaid  onto  this  liquid  bottom 
layer.  Finally,  a  top  layer  composed  of  the  crosslinked  chitosan 
solution  was  immediately  cast  onto  the  membrane.  This  three- 
layer  composite  membrane  was  then  dried  in  air  at  25  °C  for 
around  4  days. 

Two  series  of  composite  membranes  were  prepared  by  vary¬ 
ing  the  amount  of  crosslinking  agent  or  altering  the  concen¬ 
tration  of  KOH  solution.  One  set  was  designated  as  CH/G-A, 
CH/G-B,  CH/G-C,  and  CH/G-D;  the  other  set  was  named  as 
CH/K-4,  CH/K-5,  CH/K-6  and  CH/K-7,  respectively. 

2.4.  KOH  con  tent  in  the  intermediate  layer  of  composite 
membrane 

The  KOH  load  (£koh,  wt.%)  in  the  inner  layer  was  deter¬ 
mined  using  a  gravimetric  method  and  calculated  via  following 
relationship: 

[(W2-  Wi/D)xC0] 

sKOH  =  - — -  (1) 

Wo 

where  W[  is  the  total  weight  of  the  membrane  and  the  dish  before 
the  dish  was  immersed  in  the  KOH  solution;  W2  the  total  weight 
of  the  membrane  and  the  dish  after  the  dish  was  taken  out  of  the 
container  and  the  KOH  solution  inside  the  dish  was  completely 
removed;  Co  (%,  w/v)  the  concentration  of  the  KOH  solution;  D 
the  density  of  the  KOH  aqueous  solution  and  it  varies  with  Cq  ; 


Table  1 

Basic  information  of  the  composite  membranes1 
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Membranes 

GA/chitosan  weight 
ratio  in  feed 

Co  (%) 

?KOH  (Wt.%) 

Conductivity  (S  cm  1)b'c 

Before  hydration 

After  hydration 

CH/G-A 

0.0555:1 

4 

5.61(±0.11) 

1 ,26(±0.24)  x  10“6 

1.25(3=0.21)  x  10"2 

CH/G-B 

0.0647:1 

4 

5.49(±0.12) 

1.19(±0.29)  x  10~6 

1.21(3=0.26)  x  10"2 

CH/G-C 

0.0741:1 

4 

5.44(±0.13) 

1.24(3=0.23)  x  10~6 

1.17(3=0.19)  x  10"2 

CH/G-D 

0.0832:1 

4 

5.32(±0. 11) 

1.28(3=0.21)  x  l(r6 

1.24(3=0.22)  x  10-2 

CH/K-4 

0.0555:1 

4 

5.53(±0.12) 

1.09(3=0.36)  x  l(r6 

1.19(3=0.17)  x  10"2 

CH/K-5 

0.0555:1 

5 

5.82(±0.15) 

1.13(3=0.27)  x  10~6 

1.62(3=0.18)  x  10"2 

CH/K-6 

0.0555:1 

6 

6.49(±0.13) 

1.74(3=0.21)  x  10~6 

2.26(3=0.24)  x  10"2 

CH/K-7 

0.0555:1 

7 

7.04(±0.11) 

2.69(3=0.32)  x  l(r6 

3.14(3=0.17)  x  10"2 

a  The  values  listed  in  the  table  are  average  values  from  six  specimens  for  each  sample. 
b  Hydration  time  for  conductivity  measurements  is  1  h. 

c  The  thickness  of  the  membrane  in  the  dry  state  and  in  the  swollen  state  is  measured  before  and  after  hydration,  respectively,  and  the  corresponding  average  values 
are  used  for  the  calculation  of  the  conductivity. 


Wq  the  dry  weight  of  the  chitosan.  Co  and  calculated  £koh  for 
two  sets  of  samples  were  listed  in  Table  1 . 

2.5.  Degree  of  cros slinking  of  composite  membran  e 

Since  it  was  quite  difficult  to  quantify  the  degree  of  crosslink¬ 
ing  for  these  composite  membranes  because  of  some  unwanted 
side  reactions,  an  estimate  of  the  degree  of  crosslinking  for 
each  composite  membrane  was  made  by  using  the  GA/chitosan 
weight  ratio  in  the  feed  as  an  approximation. 

2.6.  Ionic  conductivity 

The  measurements  of  ionic  conductivity  were  carried  out 
using  an  AGILENT  impedance  analyzer  (model  4294A)  accord¬ 
ing  to  a  published  method  [33].  Complex  impedance  spectra 
were  recorded  at  ambient  temperature  by  sandwiching  dry  mem¬ 
branes  between  a  pair  of  brass-blocking  electrodes  in  the  mea¬ 
surement  cell  with  an  alternating  current  (a.c.)  mode  (frequency 
range:  0.1-104  kHz,  amplitude  of  the  a.c.  signal:  0.5  V).  For  the 
measurements  in  the  swollen  state  of  the  membranes,  the  mem¬ 
branes  were  immersed  in  water  at  room  temperature  for  1  h.  Prior 
to  any  measurement,  the  surface  water  was  gently  removed, 
and  then  the  swollen  membrane  was  quickly  placed  between 
two  electrodes  in  the  measurement  cell.  Repeat  measurements 
were  performed  and  the  ionic  conductivity  was  averaged.  In 
most  cases,  the  bulk  resistance  of  the  composite  membrane  was 
directly  obtained  from  the  intercept  of  the  complex  impedance 
graph  with  the  real  axis.  In  some  cases  that  impedance  curves 
did  not  touch  the  real  axis,  the  complex  impedance  plot  was  then 
extrapolated  to  its  intersection  with  the  real  axis,  and  the  con¬ 
ductivity  of  corresponding  composite  membrane  was  calculated 
with  Osman’s  method  [34], 

2.7.  Ion-exchange  capacity  (IEC)  of  composite  membrane 

A  previously  reported  method  [35,36]  was  used  to  deter¬ 
mine  the  IEC.  A  piece  of  composite  membrane  with  a  given 
weight  was  immersed  in  a  0. 1  M  HC1  standard  solution  (20  ml) 
at  ambient  temperature  for  24  h  with  occasional  stirring,  and  then 


the  solution  together  with  membrane  was  titrated  back  to  neu¬ 
tralization  with  0. 1  M  KOH  standard  solution.  End-points  were 
determined  from  the  maximum  points  registered  in  the  differen¬ 
tial  titration  plots.  Three  repeats  were  conducted  for  each  sample 
and  a  blank  run  (without  membrane)  was  also  performed.  The 
IEC  was  calculated  as  follow: 


m  dry 

where  «hci,/  is  the  HC1  quantity  (equivalent)  in  the  initial  solu¬ 
tion  (0.1M,  20  mL),  «hci/>  the  remaining  amount  of  HC1  (equiv¬ 
alent)  determined  by  the  titration,  and  mL]ly  is  the  mass  of  the 
dry  membrane  sample. 

2.8.  Membrane  electrode  assembly  (ME A) 

Two  surfaces  of  the  composite  membrane  were  slightly  wet¬ 
ted  using  a  very  small  amount  of  water.  The  composite  mem¬ 
brane  was  allowed  to  stay  in  air  for  5  min  before  it  was  used  for 
MEA.  Two  electrodes  of  the  same  size  were  directly  attached  to 
the  two  opposite  surfaces  of  the  composite  membrane  and  two 
stainless  steel  plates  were  respectively  applied  to  each  electrode. 
The  MEA  was  made  by  pressing  this  assembly  at  4 1  for  10  min 
at  25  °C. 

2.9.  Determination  of  potential-current  polarisation  curves 

The  obtained  MEA  was  incorporated  into  a  single  test  fix¬ 
ture  and  the  resultant  unit  cell  was  then  installed  into  the  Fuel 
Cell  Automated  Test  Station  (Hydrogenics  Inc.).  The  cell  was 
run  under  various  operation  conditions  by  changing  the  opera¬ 
tion  temperature  and  relative  humidity  as  well  as  the  flow  rate 
of  hydrogen  and  air  (in  most  cases,  the  pressure  ratio  of  hydro¬ 
gen  to  air  was  kept  at  103  kPa/103  kPa).  The  flow  rate  between 
hydrogen  and  air  was  always  kept  constant  with  a  fixed  ratio 
at  1  (H2):4  (air)  for  all  measurements.  In  order  to  examine  the 
effect  of  the  single  operation  condition,  the  cell  was  run  while 
keeping  all  other  operational  conditions  constant.  The  active 
surface  area  of  the  electrode  was  automatically  recorded  by  the 
Test  Station. 
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3.  Results  and  discussion 


3.1.  Basic  parameters  of  composite  membrane 


Under  ideal  reaction  conditions,  i.e.,  each  GA  molecule 
crosslinks  two  amino  groups  on  two  different  chitosan  chains 
and  all  other  possible  side  reactions  are  negligible,  an  approxi¬ 
mate  calculation  could  be  performed  for  the  degree  of  crosslink¬ 
ing  of  chitosan  membrane  by  considering  the  composition  of 
initial  reaction  mixture,  and  the  degree  of  crosslinking  can  be 
expressed  as  the  fraction  of  bridges  in  the  total  number  of  net¬ 
work  structural  elements  [37]: 


d.c. 


/ 

X  +  (l-2x) 


x  100% 


(3) 


where  /  is  the  amount  of  crosslinking  agent  (in  mole)  intro¬ 
duced  into  the  reaction  per  one  mole  of  the  aminosaccharide. 
However,  in  our  case,  ideal  reactive  results  cannot  be  achieved 
because  (1)  some  GA  molecules  may  only  react  with  one  amino 
group  (the  other  end  of  the  GA  molecule  is  free)  or  they  do  react 
with  two  amino  groups  but  these  two  amino  groups  belong  to 
the  same  chitosan  chain;  (2)  those  GA  molecules  which  have 
not  reacted  with  any  amino  group  in  the  first  step,  will  be  simply 
dissolved  into  the  KOH  solution  or  water.  Hence,  it  is  nearly 
impossible  to  quantify  the  degree  of  crosslinking  for  these  com¬ 
posite  membranes.  It  may  be  feasible  to  use  the  GA/chitosan 
weight  ratio  in  the  feed  as  an  approximate  estimation  for  the 
degree  of  crosslinking  of  composite  membrane  assuming  that 
the  degree  of  crosslinking  of  composite  membrane  is  closely 
related  to  or  even  proportional  to  the  amount  of  GA  used  in  the 
crosslinking  reaction.  In  the  following  sections,  the  GA/chitosan 
weight  ratio  in  the  feed  will  be  thus  used  as  a  substitution  of  the 
degree  of  crosslinking  of  the  composite  membrane.  Although 
a  relatively  high  KOH  load  may  provide  the  resultant  hydrated 
composite  membranes  with  a  higher  conductivity,  however,  we 
found  that  composite  membranes  would  show  relatively  poor 
mechanical  properties  if  the  KOH  content  was  higher  than  ca. 
12wt.%.  The  KOH  content,  therefore,  was  controlled  to  less 
than  8.0  wt.%. 

The  basic  morphologies  of  the  composite  membranes  in  the 
cross-sectional  area  were  examined  using  a  SEM.  Since  the  com¬ 
posite  membrane  was  prepared  by  overlaying  three  layers  one 
by  one,  as  expected,  a  three-layer  structure  for  these  composite 
membranes  has  been  observed,  as  shown  in  Fig.  1(a).  Closer 
SEM  examination  reveal  that  the  top-layer  and  the  bottom-layer 
are  solid  layers,  and  there  exist  some  pores  in  the  intermediate- 
layer.  One  of  SEM  images  for  the  porous  structure  inside  the 
inner  layer  is  presented  in  Fig.  1(b). 

Figs.  2  and  3  represent  several  typical  plots  of  the  complex 
impedance  spectra  for  CH/G-B  and  CH/K-5  samples  before  and 
after  hydration.  In  Fig.  2,  both  spectra  comprise  two  distinct 
regions  in  the  complex  plane,  a  partial  arc  in  the  high  frequency 
zone  and  a  linear  region  in  the  low  frequency  zone,  reveal¬ 
ing  the  electrolyte  characteristic  of  composite  membranes  in 
the  dry  state.  However,  the  corresponding  spectra  of  two  com¬ 
posite  membranes  in  their  hydrated  state  have  lost  partial  arc 
parts  and  their  ionic  resistance  greatly  decreases,  indicating  that 


Fig.  1 .  SEM  micrographs  of  the  composite  membranes,  (a)  Three-layer  structure 
of  composite  membrane  (CH/G-B);  (b)  porous  structure  of  inner  layer  (CH/G- 
B). 

the  hydrated  composite  membranes,  in  fact,  act  basically  like 
a  common  conductor.  A  few  main  parameters  and  calculated 
ionic  conductivity  from  impedance  spectra  for  two  sets  of  sam¬ 
ples  are  summarized  in  Table  1.  Several  characteristics  can  be 
drawn  from  Table  1:  (1)  it  is  not  the  GA/chitosan  weight  ratio 


Fig.  2.  Impedance  spectra  of  the  composite  membranes  in  dry  state.  0»  CH/G- 
B;  □,  CH/K-5. 
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Fig.  3.  Impedance  spectra  of  the  composite  membranes  after  hydration  for  1  h 
at  room  temperature.  O’  CH/G-B;  □,  CH/K-5. 

but  the  concentration  of  KOH  solutions  that  exerts  an  impact  on 
the  KOH  content  of  the  membranes;  (2)  dry  composite  mem¬ 
branes  show  a  conductivity  of  around  10"6  S  cm-1,  which  is  in 
the  range  for  semi-conductors;  (3)  the  hydrated  composite  mem¬ 
branes  exhibit  a  higher  conductivity  near  10"2  S  cm"1,  and  their 
conductivity  does  not  substantially  vary  with  the  GA/chitosan 
weight  ratio,  and  only  shows  a  slight  change  with  the  KOH  con¬ 
tent.  Detailed  analyses  and  explanations  for  these  data  can  be 
found  in  another  published  report  regarding  the  preparation  and 
characterization  as  well  as  some  properties  of  these  composite 
membranes  [38]. 

An  ideal  ionic  conductivity  of  the  hydrated  polymer  elec¬ 
trolyte  membrane  for  the  fuel  cell  operation  is  close  to 
10"2Scm"1  or  higher  if  only  the  conductivity  is  considered 
[39].  On  the  basis  of  the  above  observations,  the  GA/chitosan 
weight  ratio  does  not  substantially  affect  the  conductivity  of 
the  hydrated  membranes  and  all  the  hydrated  composite  mem¬ 
branes  in  the  series  CH/K-;  (/  =  4—7)  possess  a  conductivity 
of  around  10“2  S  cm"1,  therefore,  only  those  composite  mem¬ 
branes  in  the  CH/K-i  (/'  =  4—7)  set,  which  were  prepared  with  a 
fixed  GA/chitosan  weight  ratio  (0.0555: 1 )  but  various  concentra¬ 
tions  of  KOH  solutions,  were  selected  for  further  investigations 
in  fuel  cell  testing. 

3.2.  Performance  of  fuel  cells  under  basic  running 
conditions 

It  is  generally  accepted  that  a  relatively  high  cell  pressure 
may  help  to  improve  the  performance  of  a  fuel  cell.  In  our  case, 
we  encountered  some  difficulties  such  as  the  leakage  of  fuel 
and  oxidant  or  a  measurable  fluctuation  of  the  potential-current 
polarization  curves  if  a  high  cell  pressure  was  applied.  The 
cell  pressure  ratio  of  hydrogen  to  air,  hence,  is  selected  as 
MH2)  =p(air)  =  103  kPa  (at  fixed  flow  rate  of  fuel,  p  is  the  ini¬ 
tial  of  pressure)  for  the  fuel  cell  measurements.  In  addition,  it 
was  also  found  that  the  effect  of  the  relative  humidity  on  the 
performance  of  the  cell  was  quite  pronounced.  Fig.  4  illus¬ 
trates  several  relevant  potential-current  polarization  graphs.  It 


Fig.  4.  Potential-current  polarization  curves  of  four  cells  using  composite  mem¬ 
branes  in  set  of  CH/K -i  (i  =  4-7)  with  relative  humidity  at  50%  (unfilled  symbols) 
and  100%  (filled  symbols).  (Flow  rate:  50  ml  min-1  (H2)/200mlmin-1  (air); 
temperature:  50  °C;  pressure:  i H 2 )  —  p(air)  -  103  kPa).  O'-  CH/K-4;  0,  Cl  1/K- 
5;  □,  CH/K-6;  A,  CH/K-7;  #.  CH/K-4;  ■.  CH/K-5;  ♦,  CH/K-6;  A,  CH/K-7. 

is  observed  that  with  a  relative  humidity  at  50%,  the  voltage  of 
the  cell  sharply  drops  within  a  very  narrow  range  related  to  the 
current  density;  on  the  other  hand,  a  much  better  performance 
of  the  cells  was  achieved  when  the  relative  humidity  reached 
100%.  As  mentioned  earlier,  the  chitosan  membrane  is  highly 
hydrophilic  due  to  its  polar  groups.  A  relative  humidity  at  100% 
certainly  helps  the  chitosan  membrane  absorb  water  from  the 
surrounding  environment  to  the  maximum  limit  and  further  to 
form  more  percolation  pathways  inside  the  membrane  for  ionic 
transport  with  the  aid  of  gaps  between  ion  aggregates  in  the 
membrane  [40,41],  and  by  doing  this,  the  fuel  cell  would  give  a 
better  performance  [42].  Unfortunately,  potential-current  polar¬ 
ization  curves  relating  to  different  relative  humidities  have  not 
been  systematically  collected  because  the  size  of  the  unit  cells 
is  relatively  small  and  the  relative  humidity  between  50%  and 
100%  cannot  be  exactly  controlled.  In  the  following  testing,  the 
relative  humidity,  therefore,  was  kept  as  constant  at  100%. 

3.3.  Variation  of  performance  of  unit  cell  with  composite 
membranes 

Figs.  5  and  6  show  several  potential-current  polarization 
curves  based  on  a  few  different  MEAs  and  measured  in  unit 
cells  at  40  and  60  °C,  respectively.  These  potential-current 
curves  exhibit  almost  the  same  open-circuit  potential  of  about 
1.0  V  both  at  40  and  at  60  °C.  Meanwhile,  it  can  be  observed 
that  (1)  at  the  lower  operation  temperature,  40  °C,  with  respect 
to  the  same  voltage,  the  current  density  of  the  cell  using  CH/K-7 
or  CH/K-6  membrane  was  comparably  higher  than  that  of 
the  cell  employing  CH/K-4  membrane,  but  it  was  measurably 
lower  than  that  of  the  cell  utilizing  a  CH/K-5  membrane  and  (2) 
at  an  elevated  operation  temperature,  60  °C,  an  approximately 
similar  performance  was  achieved  when  CH/K-7,  CH/K-6  or 
CH/K-5  membranes  were  employed.  These  results  indicate 
that  the  KOH  content  of  composite  membranes  seems  not 
to  dominate  the  potential-current  behavior  of  the  cells  and  a 
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Current  density  (mA/cm2) 


Fig.  5.  Potential-current  polarization  curves  of  four  cells.  (Flow  rate:  50  ml 
min-1  (FPj/lOO ml  min  1  (air);  temperature:  40°C;  pressure:  plFh) - p(air) - 
103 kPa,  relative  humidity:  100%).  ■.  CH/K-4;  ♦,  CH/K-5;  A.  CH/K-6;  •. 
CH/K-7. 

composite  membrane  with  a  higher  conductivity  is  not  likely  to 
provide  a  cell  with  a  better  performance.  Additionally,  it  is  also 
noticed  that  the  potential-current  curves  of  cells  can  display 
measurable  changes  even  if  these  cells  use  the  same  kind  of 
MEAs  which  were  fabricated  using  the  composite  membranes 
processed  in  the  same  batch  with  the  exact  same  compositions 
(these  variations  are  not  presented  here).  A  possible  reason 
may  arise  from  the  interfacial  properties  of  the  membrane 
and  electrodes  because  some  defects  in  the  surface  of  the 
membrane  as  well  as  nonuniformity  in  the  thickness  of  the 
membrane  could  exert  an  influence  on  the  properties  of  the 
MEA  and  in  turn,  the  performance  of  the  cell.  Fig.  7  presents 
three  SEM  images  CH/K-5  specimens  (they  were  cut  from 
the  same  kind  of  composite  membranes  prepared  in  the  same 
batch  under  the  exact  same  processing  conditions,  and  coded  as 
CH/K-5-a,  CH/K-5-b,  CH/K-5-c,  respectively).  It  is  apparent 


Current  density  (mA/cm2) 


Fig.  6.  Potential-current  polarization  curves  of  four  cells.  (Flow  rate:  50  ml 
min-1  ('HoD/lOO  ml  min  (air);  temperature:  60 °C;  pressure:  /;( Hi) - p(air) 
=  103  kPa,  relative  humidity:  100%).  ■,  CH/K-4;  ♦,  CH/K-5;  A,  CH/K-6;  •, 
CH/K-7. 


Fig.  7.  Surface  morphology  of  different  specimens  selected  from  CH/K-5  com¬ 
posite  membranes  in  the  same  batch.  (A)  CH/K-5-a;  (B)  CH/K-5-b;  (C)  CH/K- 
5-c. 


that  the  surface  morphologies  of  the  different  specimens  vary 
from  one  to  another.  Those  easily  viewed  microscopic  defects 
and  nonuniformity  will  inevitably  contribute  to  increasing  the 
interfacial  resistance  between  the  membrane  and  the  electrodes 
to  some  extent  in  a  quite  random  way,  and  consequently  the 
MEAs  will  also  exhibit  relatively  irregular  characteristics.  The 
results  illustrated  in  Figs.  5  and  6,  therefore,  should  be  related 
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Fig.  8.  Temperature  dependence  of  potential-current  polarization  curves  of  cells 
(membrane:  CH/K-4,  flow  rate:  50  ml  min  1  (H2)/200ml  min  1  (air);  pres¬ 
sure:  p(H2)=p(air)  =  103  kPa;  relative  humidity:  100%).  •,  40  °C;  ■  50  °C; 
A.  60 °C;  ♦,  70°C;T,80°C. 

to  a  synergetic  effect  rising  from  the  membrane’s  bulk  conduc¬ 
tivity  and  the  interface  properties  between  the  membrane  and 
electrodes. 

3.4.  Effect  of  temperature  on  the  performance  of  cell 

Since  the  KOH  load  inside  the  composite  membrane  has  not 
significantly  affected  the  performance  of  the  cells,  CH/K-4  was 
selected  for  investigating  the  temperature  dependence  of  the 
cells,  and  the  results  are  shown  in  Fig.  8.  It  can  be  seen  that, 
with  respect  to  the  same  voltage,  the  current  density  of  the  cell 
markedly  increases  as  the  operation  temperature  rises  from  40 
to  70  °C.  However,  a  further  increase  in  the  operation  tempera¬ 
ture,  for  example,  to  80  °C,  does  not  substantially  improve  the 
performance  of  the  cell.  Possible  reasons  may  lie  in  the  follow¬ 
ing  facts.  In  principle,  a  higher  operation  temperature  not  only 
promotes  the  catalytic  reactions  of  electrodes  but  also  facili¬ 
tates  the  ions  to  migrate  through  the  membrane  [43],  hence,  a 
better  performance  could  be  achieved  when  a  relatively  high 
operation  temperature  is  applied.  Nevertheless,  once  a  higher 
operation  temperature  is  reached  while  the  operation  pressure  is 
maintained  as  a  constant,  water  will  be  more  easily  evaporated 
from  one  side  of  the  membrane  through  which  the  hydroxide 
ions  will  migrate,  which  inevitably  results  in  a  decreased  water 
content  inside  the  composite  membrane  and,  in  turn,  a  lowered 
migration  rate  of  hydroxide  ions.  As  a  consequence,  the  expected 
advantages  possibly  obtained  from  a  higher  operation  temper¬ 
ature  could  be  cancelled  out  by  the  decrease  in  the  migration 
rate  of  hydroxide  ions  and  the  performance  of  the  cell  would 
not  be  improved  further  even  at  an  elevated  operation  tempera¬ 
ture.  Based  on  the  above  observations,  an  appropriate  running 
temperature  should  be  controlled  between  60  and  70  °C. 

3.5.  Effect  of  flow  rate  of  fuel  on  the  performance  of  cell 

When  the  temperature,  humidity  and  pressure  of  cell  are 
selected  as  60  °C,  100%  and  plflj)  =p(air)  =  103  kPa,  respec¬ 


Fig.  9.  Effect  of  flow  rate  of  fuel  on  potential-current  polarization  curves  (mem¬ 
brane:  CH/K-6,  temperature:  60  °C;  pressure:  /?(H2)  =/?(air)  =  103  kPa,  relative 
humidity:  100%).  ▲,  50  ml  min-1  (H2)/200mlmin_1  (air);  ■,  84  ml  min-1 
(H2)/336mlmin_1  (air). 

tively,  and  the  flow  rate  of  fuel  is  set  at  a  ratio  of  50  ml  min- 1 
(H2)  to  200  ml  min- 1  (air)  (the  ratio  of  hydrogen  to  air  is  fixed 
at  1:4),  it  is  observed  that  the  cell  can  be  continuously  and 
stably  run.  With  a  further  increase  in  flow  rate  to  84  ml  min- 1 
(H2)/336mlmin-1  (air),  the  cell  performance  was  measurably 
improved.  Fig.  9  shows  two  representative  plots.  It  is  seen 
that  when  the  flow  rate  was  increased  from  50  ml  min-1 
(H2)/200mlmin-1  (air)  to  84mlmin-l(H2)/336mlmin-1 
(air),  the  activation  polarization  (initial  part  of  the  curve)  and 
the  Ohmic  polarization  (middle  part  of  the  curve)  of  the  plot 
matched  with  flow  rate  at  84  ml  min-1  (H2)/336  ml  min- 1  (air) 
are  both  stronger  than  with  50  ml  min-1  (H2)/200mlmin-1 
(air).  Meanwhile,  when  the  current  density  reaches  around 
35  mAcm-2,  the  potential  of  the  cell  dropped  down  to  almost 
the  same  value:  ca.  0.2  V  for  both  plots.  Potential-current 
curves  at  a  flow  rate  higher  than  84  ml  min- 1  (H2)/336  ml  min- 1 
(air)  have  not  been  given  because  they  behave  almost  the 
same  as  the  flow  rate  at  84mlmin-1(H2)/336mlmin-1  (air) 
in  Fig.  9.  These  results  may  be  explained  based  on  following 
tentative  mechanism.  When  the  flow  rate  reached  50  ml  min- 1 
(H2)/200mlmin-1  (air),  a  just  high  enough  concentration  of 
oxygen  and  hydrogen  inside  both  the  cathode  and  anode  was 
achieved  for  the  electrodes  to  start  continuous  catalytic  reaction 
and  enable  the  cell  to  be  stably  operated.  After  that,  since  the 
total  volume  of  voids  inside  the  electrode  is  unchanged,  an 
increase  in  the  flow  rate  of  air  may  first  raise  the  concentration  of 
oxygen  at  the  cathode  and  then  facilitate  the  catalytic  reactions 
of  both  electrodes,  leading  to  a  stronger  activation  polarization 
of  the  cell  by  producing  more  OH  groups  at  the  cathode.  As  a 
result,  a  greater  concentration  gradient  of  OH  groups  over  the 
membrane  from  the  cathode  to  the  anode  would  be  established, 
which  would  further  enhance  the  Ohmic  polarization  of  the  cell 
and  provide  the  cell  with  a  better  performance.  Once  the  flow 
rate  was  increased  up  to  84mlmin-1(H2)/336mlmin-1  (air), 
the  concentration  of  oxygen  and  hydrogen  may  reach  their 
respective  saturation  concentrations  for  the  catalytic  reactions 


112 


Y.  Wan  etal.  /  Journal  of  Power  Sources  162  (2006)  105-113 


Table  2 


Supplement  parameters  of  the  membrane  and  cell 


Sample  code 

Average  thickness  (|xm)a 

Dry 

Wetb 

IEC(meqg  *) 

IR  (mfl) 

OCP  (V) 

CH/K-4 

217  (±12) 

389  (±31) 

0.39  (±0.02) 

46  (±5.3) 

0.98  (±0.03) 

CH/K-5 

238  (±7) 

367  (±26) 

0.42  (±0.04) 

42  (±3.6) 

0.96  (±0.04) 

CH/K-6 

223  (±15) 

379  (±34) 

0.48  (±0.02) 

49  (±8.2) 

0.97  (±0.03) 

CH/K-7 

231  (±11) 

392  (±29) 

0.53  (±0.03) 

44  (±7.1) 

0.96  (±0.05) 

a  The  average  thickness  is  recorded  as  average  values  from  five  specimens  for  each  sample. 
b  Hydration  time  for  thickness  measurements  is  1  h. 


of  the  electrodes  and  further  increase  in  flow  rate  does  not  help 
the  cell  achieve  improved  performance. 

3.6.  Possible  improvement  on  the  performance  of  the 
resultant  fuel  cells 

The  above  results  reveal  that  current  density  of  these  alka¬ 
line  fuel  cells  is  still  too  low  for  practical  application.  A  few 
other  parameters  may  provide  useful  clues  for  improving  the 
performance  of  the  cells.  Table  2  lists  several  supplemental 
parameters  for  the  membrane  in  the  CH/K-/  ( i  =  4-7 )  set  and 
the  corresponding  cells,  including  the  average  thickness  of  the 
dry  membrane  and  the  corresponding  average  thickness  of  the 
hydrated  membrane,  ion-exchange  capacity  (IEC)  of  membrane, 
internal  resistance  (IR)  and  open-circuit  potential  (OCP)  of  the 
cells. 

In  general,  most  practical  polymer  membrane  fuel  cells  have 
an  IR  less  than  3  m£2  and  in  some  cases,  the  IR  for  an  ideal  value 
could  be  diminished  to  around  1  mQ.  The  IR  in  Table  2  for  four 
kinds  of  cells  are  all  higher  than  40  mf2,  which  is  over  ten  times 
higher  than  the  IR  value  required  and  explains  why  the  current 
density  for  those  cells  was  low.  The  IR  here  should  be  mainly 
composed  of  two  parts:  the  resistance  of  the  composite  mem¬ 
brane  itself  and  the  interfacial  resistance  between  the  membrane 
and  electrodes.  In  Table  2,  four  kinds  of  dry  membranes  have 
an  average  thickness  more  than  200  jjim,  and  after  hydration 
for  1  h,  the  thickness  of  the  membranes  was  increased  to  more 
than  350  |xm.  The  membranes  themselves,  therefore,  could  con¬ 
tribute  a  considerable  amount  of  resistance  to  the  cell.  In  order 
to  reduce  the  resistance  of  the  membrane  itself,  one  of  effective 
approaches  is  to  reduce  the  thickness  of  the  membranes.  Srini- 
vasan  et  al.  [44]  evaluated  the  effect  of  membrane  thickness  on 
the  performance  of  a  cell,  and  reported  that  significant  improve¬ 
ments  on  the  performance  of  cell  could  be  achieved  using  the 
thinner  membranes.  As  for  the  decrease  in  the  strength  of  the 
membrane  due  to  the  change  in  the  thickness  of  membrane,  it 
may  be  compensated  by  increasing  the  degree  of  crosslinking, 
which  will  also  decrease  the  degree  of  swelling  of  the  membrane 
and  help  to  reduce  the  thickness  of  the  corresponding  hydrated 
membrane.  Some  efforts  are  being  made  to  produce  thinner  com¬ 
posite  membranes. 

One  of  the  most  effective  methods  to  fabricate  MEAs  is  to 
press  the  electrodes  onto  the  membrane  at  a  proper  tempera¬ 
ture  at  which  the  two  components  can  be  very  tightly  bonded 
together,  which  will  also  possibly  reduce  the  IR  of  the  cell. 


However,  in  the  present  cases,  by  hot-pressing  MEAs  at  various 
temperatures,  we  have  not  obtained  any  substantial  improve¬ 
ment  in  the  performance  of  the  cells.  The  main  reason  may  be 
ascribed  to  the  too  high  glass  transition  temperature  of  chitosan, 
which  is  between  170  and  200  °C  depending  on  the  sources  of 
chitosan  and  its  DDA  and  molecular  weight  [45,46]. 

It  has  been  reported  that  the  interfacial  resistance  can  be 
remarkably  reduced  by  using  appropriate  interfacial  gels  with 
ionic-conductive  characteristics  [21,47-51].  The  main  mecha¬ 
nism  is  that  the  interfacial  gels  will  fill  in  the  voids  between 
the  membrane  and  electrodes,  and  thus  the  active  surfaces  and 
quantity  of  functional  ions  as  well  as  the  load  of  water  molecules 
at  the  interface  between  the  electrode  and  the  membrane  could 
be  possibly  increased,  which  would  contribute  to  decreasing  the 
interfacial  resistance.  An  alkaline  and  high  ionic-conductive  gel 
is  required  for  the  present  cells.  However,  several  answers  are 
still  needed  for  an  appropriate  interfacial  gel  due  to  the  specific 
properties  of  chitosan  and  so  far  investigations  are  still  ongoing. 

The  IEC  of  the  composite  membrane  listed  in  Table  2  is 
relatively  low  compared  to  the  IEC  of  most  commercial  proton- 
exchange  membranes  [52-54],  Generally,  the  IEC  is  linked  to 
the  content  of  ions  inside  the  membrane  and  the  migration  rate 
of  the  ions.  Since  the  KOH  load  inside  the  membranes  is  high 
enough  for  ionic  conductivity,  it  is  expected  that  by  reducing 
the  thickness  of  the  membranes  and  also  regulating  their  degree 
of  crosslinking,  the  IEC  of  the  membranes  could  be  further 
increased. 

4.  Conclusions 

A  preliminary  evaluation  on  alkaline  chitosan-based  com¬ 
posite  membrane  fuel  cells  indicates  that  these  membranes  with 
a  suitable  KOH  load  are  feasible  for  alkaline  fuel  cell  applica¬ 
tions  although  the  power  density  of  the  resulting  fuel  cells  are 
still  low  at  present.  At  a  lower  running  temperature,  the  per¬ 
formance  of  the  fuel  cell  showed  measurable  changes  with  the 
KOH  content  but  these  changes  became  much  less  when  the 
fuel  cell  was  run  at  an  elevated  temperature.  In  addition,  a  rel¬ 
atively  high  running  temperature  provided  the  fuel  cell  with  a 
much  better  performance.  The  current-potential  characteristics 
were  also  significantly  affected  by  the  relative  humidity.  Addi¬ 
tionally,  the  flow  rate  of  the  fuel  can  also  affect  the  performance 
of  these  fuel  cells.  Under  appropriate  operation  conditions,  all 
obtained  fuel  cells  showed  an  open-circuit  potential  of  around 
1.0  V.  Under  certain  operation  conditions,  a  current  density  of 
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about  30  mA  cm-2  was  achieved  with  a  voltage  of  about  0.2  V. 
The  performance  of  the  fuel  cell  could  be  further  improved  by 
two  approaches.  One  of  them  is  to  decrease  the  thickness  of 
composite  membranes  and  simultaneously  enhance  their  phys¬ 
ical  strength,  and  the  other  approach  is  to  use  an  alkaline  and 
ionic-conductive  interfacial  gel. 
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